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Non-speciﬁc mental retardation (NSMR) is a common human disorder characterized by mental handicap as
the only clinical symptom. Among the recently identiﬁed MR genes is GDI1, which encodes aGdi, one of the
proteins controlling the activity of the small GTPases of the Rab family in vesicle fusion and intracellular
trafﬁcking. We report the cognitive and behavioral characterization of mice carrying a deletion of Gdi1. The
Gdi1-deﬁcient mice are fertile and anatomically normal. They appear normal also in many tasks to assess
spatial and episodic memory and emotional behavior. Gdi1-deﬁcient mice are impaired in tasks requiring
formation of short-term temporal associations, suggesting a defect in short-term memory. In addition, they
show lowered aggression and altered social behavior. In mice, as in humans, lack of Gdi1 spares most
central nervous system functions and preferentially impairs only a few forebrain functions required to form
temporal associations. The general similarity to human mental retardation is striking, and suggests that the
Gdi1 mutants may provide insights into the human defect and into the molecular mechanisms important for
development of cognitive functions.
INTRODUCTION
Mental retardation (MR) is a common human disorder that may
result from genetic causes, environmental insults or a combination
of the two. MR may be one of the clinical signs of a syndrome, as
in Down syndrome, or it may be associated with metabolic,
mitochondrial or developmental disorders. A large group of MR
includes the non-specific forms (NSMR), whose only consistent
clinical manifestation is mental handicap. As NSMR is most
likely caused by alterations in molecular pathways important for
cognitive functions, defining the relevant genes might help in
defining brain functions for intellectual and learning abilities.
Insights into the NSMR group have come from the study of
X-linked MR (XLMR), which represents 5% of all MR,
corresponding to a prevalence in the general population of 1 in
600 males. The study of large X-linked families has helped to
distinguish different forms of NSMR through regional assign-
ment along the X chromosome, and over the last few years has
contributed to the identification of several XLMR genes (1–4).
One XLMR gene is GDI1 (5), which encodes one of the
proteins regulating the small GTPases of the Rab family, a
group of small Ras-like GTPases, involved in vesicle fusion
in the exocytic and endocytic pathways (6). The Rab GTPases
cycle between an active GTP-bound and an inactive GDP-
bound state through the action of regulatory proteins. Among
the regulatory proteins, GDIs are required to retrieve the GDP-
bound form from the membrane and to maintain a pool of
soluble Rab-GDP (7,8). Two different GDIs have been
described in mammals (9–11). They interact with >40 Rab
proteins and participate in fusion of different cellular
membranes.
Since aGDI encoded by GDI1 is the most abundant form in
brain (10), it was suggested that the main consequence of
mutations in GDI1 could be a modification of the pool of
Rab3A, the most abundant of the Rab proteins in brain (12,13),
leading eventually to alterations of synaptic vesicle exocytosis,
similar to those described in the mouse knockout (KO) for
Rab3A (14–16). GDI1, however, may also be relevant through
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its general role in the endo/exocytic pathways. The finding that
in the mouse, Gdi1 is expressed early in development and is
upregulated at early stages of brain differentiation, suggested
that it may also play a role in neuron migration and/or dif-
ferentiation (5). Accordingly, we have shown that rat
hippocampal neurons and PC12 cells treated with Gdi1
antisense oligonucleotides showed inhibition of axonal out-
growth (5,17). Recently, Gdi1 constitutive KO mice were
produced (18): a thorough electrophysiological analysis
showed that the mutant mice presented alterations in short-
term synaptic plasticity. For many electrophysiological para-
meters, the absence of Gdi1 had quite different consequences
compared with that of Rab3A (14,15), and in general the
electrophysiology results were inconsistent with the hypothesis
that lack of Gdi1 acts by disrupting Rab3A function.
In this study, we present the cognitive and behavioral
characterization of Gdi1-deficient mice generated in our
laboratory, and we suggest that they represent a good model
to study the role of human GDI1 in the establishment of
cognitive functions and in MR. MR is a very heterogeneous
disorder, and the identification of a small number of genes
responsible for the disorder has demonstrated that the number
of patients carrying mutations in any of the genes is very low
(1,4). Thus the study of the molecular mechanisms causing
human MR requires the use of animal models. Despite the
obvious difference in cognitive functions between mouse and
human, it is not unlikely that basic molecular mechanisms
common to both species may be altered by mutations in MR
genes and that their identification in the mouse will lead to new
insights into the human defects. This seems to be the case for
the Gdi1 KO mice, which are normal from the anatomical point
of view, as described for patients affected by NSMR. Similarly,
mentally retarded people are defined as patients presenting
impaired cognitive functions, causing a lowered IQ, as well as
altered behavior (49). This was strikingly found also in the
Gdi1 KO mice that presented specific alterations in forming
and retaining temporal associations as well as altered social
behavior.
RESULTS
Generation of mice carrying a null Gdi1 gene
To generate Gdi1-null mice, we constructed a targeting vector in
which exons 1–4 of the mouse Gdi1 gene were substituted by the
LacZ gene under the Gdi1 promoter and a neomycin-resistance
gene cassette transcribed from the PGK1 promoter (Fig. 1A).
Two homologous recombinant clones having the highest
percentage of normal caryotypes (93%) were injected into
blastocysts. Chimeras were obtained from both ES cell clones
and were crossed to C57BL/6J and B6D2F1 (C57BL/6J
DBA2) females.
The heterozygote females were crossed to WT males of the
corresponding genetic background. Wild-type (WT) and KO
males from the crosses (F2) were analyzed, as well as WT and
KO mice born from F2 heterozygote females crossed to WT
males of the same generation and of the same genetic
background (F3). Backcrosses into the C57BL/6J genetic
background were done, and the fifth generation (N5) was used
in many tests. For all animals, the genotype was determined by
PCR, using the primers G1/G2 and Z1/Z2 (Fig. 1B) and by
Southern blot (Fig. 1C). RT–PCR analysis of RNA extracted
from KO mice showed that the Gdi1 mRNA was not produced
(not shown). Western blot analysis of total protein extracts from
brain confirmed the result, showing that aGdi was absent from
brains of KO mice (Fig. 1D).
The Gdi1-null mice were viable and fertile: the mutant allele
was transmitted in the expected Mendelian segregation ratio of
an X-chromosome gene. Both male and female KOs appeared
normal and healthy, indicating that also in the mouse the Gdi1
gene is not essential for life. No differences were seen between
generations and genetic backgrounds, in all the experiments
described: the same results were obtained in two mixed
backgrounds tested (129B6 and 129B6D2) and in the fifth-
generation backcross of the KO into the C57BL/6J, where the
129 genetic contribution is reduced to <10%. Moreover,
the results were identical in several different litters of all the
generations studied, carrying presumably different portions of
the 129 and C57Bl/6J and DBA2 genomes.
Histological analysis
Microscopic examination of the brains of age-matched adult
WT and KO animals of the F2 and F3 generations did not show
major differences. Gdi1 appeared to be ubiquitously expressed,
as determined by in situ hybridization of transverse and coronal
sections of WT animals (Fig. 2). The highest expression was
detected in the hippocampus, in the piriform cortex, in nuclei
of the hypothalamus and of the amygdala, in part of the layer V
of cortex, in the olfactory bulb, and in the Purkinje cells of the
cerebellum. Histological staining and comparison between WT
and KO mice demonstrated that the organization of most
regions of the brain was unaltered by the KO. The only area in
which we could detect alterations was the hilar part of the CA3
region of the hippocampus (Fig. 3). By Nissl stain, the CA3
pyramidal cells in the KO appeared more scattered than in WT.
Comparison of cell counts (in five WT and five KO animals)
did not reveal differences in cell density, and suggested
developmental anomalies in layering of pyramidal neurons. By
Timm staining, a trilamination of suprapyramidal mossy fibers
was observed in consecutive horizontal sections of both
hemispheres in 77% of the sections of nine 129B6 and in
65% of three 129B6D2 KO animals analyzed. Trilamination of
suprapyramidal mossy fibers was detected also in WT animals,
but at much lower frequency: in 33% and 11% of the sections
of eleven 129B6 and four 129B6D2 WT littermates,
respectively.
Levels and subcellular distribution of Rab GTPases and
other proteins
We determined the level of Rab proteins and of a wide range of
proteins involved in fusion and recycling of synaptic vesicles in
total extracts of brains of WT and KO animals of the F2 and F3
generations of both genotypes. Equal amount of proteins were
fractionated by acrylamide gels and after western blot the
amount of protein in each lane of the gel was controlled by
reaction with anti-MAPK antibodies. After reaction with
specific antibodies, the amount of protein in each band was
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measured by densitometry and the ratio between the WT and
KO bands was calculated. None of the synaptic proteins
studied, irrespective of their localization in synaptic vesicles
(SV2, Stg-1,2, p38/Syp, Rbph-3A, Synapsins and VAMP-2),
presynaptic membranes (NSF, Munc-18, Stx-1, a,b-SNAP,
SNAP-23 and SNAP-25) or involved in endocytosis (dynamin,
synaptojanin and amphiphysin), presented an altered level
(not shown).
The situation was quite different for the Rab GTPases
(Fig. 4A). They could be grouped in three groups. Rab3A was
present in similar levels in WT and KO animals (KO/WT 0.98).
A small decrease was seen in the KO brains compared with WT
in the amounts of Rab3D, Rab3B, Rab1, Rab7 and Rab8
(KO/WT 0.70–0.79). A greater difference was observed in
Rab4, Rab5, Rab3C and Rab11 (KO/WT 0.40–0.53). Similar
results were obtained for all genotypes and generations studied.
To determine whether the reductions in the steady-state level
of some of the Rab proteins were due to decreased synthesis,
semiquantitative RT–PCR was done from total RNA from
brains of WT and KO littermates of the F3 generation, in the
two genetic backgrounds. The two different transcripts of Rab5
and Rab11 were analyzed. All Rab RNAs were present in
identical levels in mutants and WT mice (not shown).
We also determined whether an increase in the concentration
of bGDI in brain of the KO mice could explain the relatively
small effect of the absence of aGDI on some of the Rab
proteins. In the total brain extract preparations, bGDI
concentration was unchanged (Fig. 4A).
The Rab GTPases were analyzed by western blot in
subcellular fractions from cortex or from subcortical brain
regions. (Fig. 4B) shows the results of the fractionation of
the cortex of 129B6 mice. Subcellular fractionation was
obtained by serial centrifugation at progressively higher speeds,
as described (19). As a control of the quality of the
fractionation, all gels were reacted with anti-synaptotagmin
antibodies; anti-MAPK antibodies were used as control of the
total proteins, in each subcellular fraction (Fig. 4B). This
analysis confirmed the data obtained from the total extracts,
Figure 1. Targeted disruption of the Gdi1 gene by homologous recombination. (A) Scheme of the structural organization of the Gdi1 gene (top), of the targeting
vector (middle) and of the mutated Gdi1 gene (bottom). Black boxes are coding exons or the indicated insertion cassettes; white boxes are non-coding regions.
Restriction enzymes are EcoRI (E), BamHI (B), KpnI (K), EcoRV (EV) and NotI (N). The position of the PCR primers for the screenings (PCR1/PCR2; G1/G2;
Z1/Z2) is indicated by arrows. S1 and S2 are the probes for Southern blot analysis. (B) PCR analysis of DNA extracted from the tails of F2 mice, using the primers
G1/G2 and Z1/Z2. (C) Southern blot analysis of F2 mice. Tail DNAs were digested with EcoRI, fractionated on agarose gel and hybridized with the 50 flanking
probe S1. The 12 kb EcoRI fragment corresponds to the WT locus, and the 3.6 kb fragment to the recombinant locus. (D) Western blot analysis of aGdi in total
brain proteins from the F2 mice indicated. MAPK was used as a quantitative control marker.
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and showed that the ratio between membrane-bound and
soluble Rabs in WT and in mutant mice was not identical for all
the Rabs tested. The amount of Rab3A was only very slightly
increased in the membrane fractions (LP1 and LP2) of the KO,
and not very much decreased in the soluble fractions.
Moreover, the amount of Rab3A in the synaptosomal fractions
(LP2 and LS2), where most Rab3A is localized, was similar in
WT and KO animals. Reduction of Rab3A was visible in the
supernatant of the cytoplasmic fraction, where it is, however,
present in low amount. Reduced levels of the soluble form were
seen for all the other Rab proteins tested. The soluble form of
the more abundant Rab proteins, Rab4 and particularly Rab5,
was very much reduced in all fractions (S3, LS1 and LS2), and
almost absent in the synaptosomal fractions (LS2). No
differences were detected between extracts from the different
brain regions and the two genetic backgrounds studied.
Exploration, fear-related behavior and motor abilities
are normal in Gdi1-mutant mice
We assessed exploratory and emotional behavior of the mice in
the open field (20), in an elevated circular maze (O-maze) (21)
and in a dark/light box (22). We also checked muscle strength
and motor coordination in various tests, including the rotarod
(23), footprint patterning (23), moving along a wire coat
hanger (24), ridged-beam walking (24) and grip strength (25)
(not shown). In all the tests,  13 animals were used for each
genotype and background. ANOVA analysis did not reveal
statistically significant differences (P> 0.5) between WT and
mutant mice of both genetic backgrounds in any of the tests
performed.
Gdi1-mutant mice do not show impairment in spatial
learning in the Morris water maze
The Morris water maze task has been used extensively to study
spatial learning in rats (26) and in mice (27). Mice were
subjected to the standard hidden-platform version of the Morris
water maze (28). The WT and Gdi1 KO mice (from the F2 and
F3 generations of both genetic backgrounds tested) were
subjected to 3 days of six training trials per day with the
platform in the same position (acquisition phase). On the fourth
day, the platform was moved to a different position, and mice
were subjected to 2 days of six trials per day (reversal phase).
In neither sessions was there a significant difference between
WT and KO mice in the time to reach the platform during the
trials (Fig. 5A). Both genotypes showed significant decrease in
escape latency during both phases [ANOVA by repeated
exposures; F(14,8)¼ 17.17, P< 0.0001] and no significant
difference between genotypes [ANOVA genotypes by repeated
exposures; F(1,80)¼ 2.87, P¼ 0.19]. No differences were
observed between WT and KO mice during the probe trial in
crossing the former goal annulus and in swimming in a circular
Figure 2. In situ hybridization analysis of Gdi1 WT mice. Light-microscope
images showing the distribution of Gdi1 mRNA in brain sections of WT mice.
(A and B) Two different sagittal sections of a 4-month-old WT mouse. (C)–(H)
Enlargements of specific regions of saggital (C, D and E) and coronal sections
(F, G and H). CC, cerebral cortex; Pir, piriform cortex; CbC, cerebellar cortex;
Hi, hippocampus; OB, olfactory bulb; T, thalamus; L V, layer V of cerebral cor-
tex; S, subiculum; CA1 and CA3, fields of hippocampus; DG, dentate gyrus;
PL, Purkinje layer; GL, glomerular layer; Mi, mitral cells; BLA, basolateral
amygdala; PaMM, paraventricular hypotalamic area, medial, magnocellular
part; SCh, suprachiasmatic nucleus; LSD, lateral septal nucleus, dorsal part;
LSV, lateral septal nucleus, ventral part. Scale bars: 2 mm (A and B) and
0.1 mm (C–H).
Figure 3. Lamination defect in the CA3 region of the hippocampus. (A and B)
Nissl staining of coronal sections in the area of the hippocampal formation
(magnification 5). (C and D) Greater magnification (20) of the same sec-
tions to show the CA3 region. (E and F) Mossy fiber projections selectively
stained with the Timm method on horizontal sections. In contrast to the two
clearly separated laminae in WT, mutant mice were characterized by a disinte-
grated lower projection (magnification 5). Scale bars: 0.5 mm (A, B, E and F)
and 0.025 mm (C and D).
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Figure 4. Analysis of bGDI and Rab proteins in cortex of WT and KO mice. (A) Western blot of total extracts of two pooled brain cortexes of 129B6D2 mice,
fractionated on 10% SDS–PAGE gels and analyzed with the antibodies to the Rab proteins indicated below each band and with a commercial anti-GDI antibody
(Zymed) that recognizes both a- and bGDI. MAPK was used as a control of the amount of proteins in the gel. (B) Western blots of pooled brain cortex fractions
of six 129B6 mice. Antibodies to the Rab proteins are indicated. The anti-Gdi antibody used in the experiment was a monoclonal antibody (a generous gift from
Dr R. Jahn) that did not interact with bGDI. The amounts of proteins were normalized using MAPK. The quality of the fractionation was controlled using
antibodies to synaptotagmin (Stg1,2). Fractions are indicated above the lanes: H, total homogenate; P3, cell body membranes; S3, cytosol; LP1, mitochondria
and pre- and postsynaptic membranes; LS1, total synaptosomal fraction; LP2, synaptic vesicle fraction; LS2, synaptosol.
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zone around it (Fig. 5B) [ANOVA genotypes by repeated
exposures; F(1,80)¼ 2.01, P¼ 0.15].
Gdi1-mutant mice do not show impairment in episodic-
like memory in the delayed matching-to-place task
N5 backcross mice were also tested in a modified water maze
protocol—the delayed matching-to-place task (DMP) (29,30).
In this version of the Morris water maze, mice have to learn
different platform positions during several trials, in different
training sessions. Mice are trained to escape onto the hidden
platform at one location, until they reach the criterion of three
consecutive trials with an escape latency of 15 s, or they
complete a maximal number of trials. When the criterion or all
trials are achieved, a new training session begins on the next
day, with the platform moved to a new position. This procedure
is repeated until the mice learn five platform locations. In such
a procedure, mice are able to quickly acquire the platform
position of each training session, on a single exposure, as
shown by the reduction of the escape latency in the second trial
compared with the first trial within a training session. This
performance reflects the ability of the mice to selectively
retrieve the most recent platform location, an episodic-like
component of the task, against the interference of the long-term
memories encoded by the other locations.
During the first training session, there was no difference
between WT and KO mice in the time to reach the platform,
as expected from the results obtained with the F2 and F3
generations in the standard version of the Morris water maze.
In the following sessions, WT and KO mice were able to
acquire and remember each new platform position, reducing
their escape latencies, across the first five trials of all training
sessions (Fig. 5C). The analysis of the first five trials of the
last two training sessions (platform positions 4 and 5) showed
learning in both groups [F(4,24)¼ 25.7, P< 0.0001], and
there was no significant difference between genotypes
[ANOVA genotype by repeated exposure; F(1,24)¼ 0.226,
P¼ 0.639].
Gdi1-mutant mice are impaired in spatial working
memory in the radial maze
In the eight-arm radial maze test, a food-deprived mouse can
obtain a food morsel at the end of each of the eight arms
radiating from a center platform at equidistant points (31).
Since food is not replaced during a trial, revisiting an arm is not
rewarded with food, and is scored as an error. A trial began by
placing the mouse on the center platform of the fully baited
maze. The mouse was then allowed to choose freely among the
arms until all eight food morsels had been obtained or until a
total of 15 minutes had passed. Behavior was scored for the
number of arms entered until all eight arms had been entered at
least once and for the number of successive correct arm visits
until an arm was revisited for the first time (position of the first
repetition).
The Gdi1 KO and WT littermates of the F2 and F3
generations of both genetic backgrounds and of the N5
backcross were tested for 10 trials, with one trial per day.
Similar results were obtained. Figure 6 shows the results for the
N5 backcross generation. The number of total errors declined
over the 10 days of training in both WT and KO mice.
However, acquisition in KO mice was significantly slower than
that in WT (Fig. 6A) [ANOVA; F(1,26)¼ 10.90, P¼ 0.0028].
Eventually, the mutants also learned to patrol the maze, as
indicated by a significantly decreased number of errors at the
end of the task [ANOVA repeated exposure, calculated for
mutants only; F(14,4)¼ 9.98, P< 0.0001] and no difference
between WT and KO (Fig. 6A) [ANOVA for ‘day 9–10’
F(1,26)¼ 1.30; P¼ 0.26]. WT and KO mice differed highly
significantly in the position of the first repetition (Fig. 6B)
[ANOVA genotype by repeated exposure; F(1,26)¼ 0.015,
P¼ 0.0015]. Whereas WT eventually reached almost perfect
performance (seven out of a maximum number of eight correct
successive arm visits), KO mice barely came above chance
level performance (5.5 correct successive arm visits after
10 days of training). In conclusion, the Gdi1 KO mice seem not
to have defects in procedural learning, but to have a specific
and quite severe deficit in working memory.
Figure 5. Spatial memory and episodic-like memory in the Morris water maze. (A) Pooled results obtained from 129B6D2 and 129B6 mice from the F2 and F3
generations (KO, n¼ 40; WT, n¼ 43) in the standard version of the vater maze. Learning curve indicating the time required to reach the hidden platform (escape
latency expressed in seconds) over 5 days. (B) Probe trials (first 30 s of the first trial of reversal phase) expressed as the percentage of time spent in a circular zone
around the trained goal (t) and the averaged control goals (c). Chance level of 12.5%. Data are from the same experiment as shown in (A). (C) DMP version of the
Morris water maze using N5 mice (KO, n¼ 13; WT, n¼ 13). Latencies (in seconds) of the first five trials during new platform training, averaged from the last two
training sessions (4 and 5 platform positions). Bars represent the standard error. Open squares are WT animals and closed circles are KO.
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Gdi1-mutant mice display deficits in trace but not delay
fear conditioning
Auditory fear conditioning is a form of associative learning
where an initially neutral tone is paired with the delivery of a
brief foot shock as the unconditioned stimulus (US). The US by
itself elicits jumping followed by freezing as the unconditioned
reaction. Through conditioning, the tone becomes a condi-
tioned stimulus (CS), which is able to elicit a conditioned
reaction, such as freezing, resembling the unconditioned
reaction. In the standard procedure—delay conditioning—the
US is superimposed for a short period of time with the pre-
sentation of the CS (32). In trace conditioning, US presen-
tation follows the end of CS presentation after a short interval
has passed. The two forms of conditioning are dependent
on different mechanisms: trace, but not delay, conditioning
was shown to depend on an intact hippocampus (33,34).
Mice of both genetic backgrounds (17 KO and 17 WT) and
the N5 backcross (7 KO and 7 WT) were analyzed with the
delay conditioning protocol. No significant differences between
WT and Gdi1 KO mice could be found. Repeated presentation
of the CS increasingly elicited freezing in both groups (Fig. 7A)
[ANOVA for ‘trial’; F(1,48)¼ 38.66, P< 0.001]. Baseline
freezing scores during the two test sessions were close to zero;
but freezing increased substantially 24 hours as well as 2 weeks
later when the CS was presented during the second half of the
test session (Fig. 7B and C) [F(3,12)¼ 20.14, P< 0.001 and
F(3,12)¼ 21.26, P< 0.001, respectively].
In contrast, in trace fear conditioning, Gdi1 KO froze
significantly less than WT in the presence of the CS during
conditioning as well as in the subsequent two test sessions,
3 days and 2 weeks later. Figure 7D–F shows the results of the
N5 generation (16 KO and 16 WT). Identical results were
obtained with the F2 and F3 generations of the two genetic
backgrounds studied (29 KO and 28 WT tested). CS
presentation elicited freezing in mutants that increased over
the five conditioning trials; but this increase was significantly
smaller than that of WT [trial genotype; F(1,30)¼ 15.06,
P¼ 0.0005]. Neither group froze in response to the test
chamber alone during the two test sessions (Fig. 7E and F).
Presenting the CS, however, during the second half of
each session extensively and selectively increased freezing in
WT; the response in mutants was only moderate or absent
[3 days: F(1,14)¼ 4.66, P¼ 0.04; 2 weeks: F(1,14)¼ 13.6,
P¼ 0.002].
The differences between Gdi1 KO and WT mice cannot be
explained by differences in pain sensitivity, since a pain
threshold test did not reveal any group difference (not shown).
Pain sensitivity was assessed by introducing the mice
individually into the conditioning chamber and exposing them
to increasing levels of shock intensity until a clear response
could be observed (35).
Social interactions
Anecdotal observations of the mice handled in the animal house
suggested that the Gdi1 KO mice were less aggressive than their
normal littermates. We assessed the aggressive behavior of the
mice in the resident-intruder test (36). Both genetic backgrounds
were tested using intruders of the corresponding genetic
background. The test lasted 5 minutes for the 129B6D2 mice,
which were more aggressive, probably because of their DBA2
component (37). The 129B6 mice were tested for 10 minutes.
The results were similar with both backgrounds. Figure 8A, B
and C shown results for the pooled F2 and F3 generations of the
129B6 mice. Aggressive behavior was greatly reduced in the
mutants. Both the total aggression time and the number of
attacks were significantly reduced for the KO mice. ANOVA
revealed a significant difference between genotypes in the total
aggression time, [F(1,37)¼ 20.13, P< 0.0001] and in the
number of attacks [F(1,37)¼ 9.47, P¼ 0.003]. Only 10% of
the KO mice attacked the intruder, compared with close to 75%
for the WT. The rest of the animals remained neutral (30%) or
were eventually attacked by the intruder (60%).
Also, the behavior of the KO mice with respect to the intruder
was quite different from that of the WT mice. As soon as the
intruder was introduced into the cage, the resident WT mouse,
before attacking, sniffed the back and seldom the head of the
intruder. In contrast, mutant resident mice spent the same time
as the WT mice sniffing the back (data not shown), but a longer
time sniffing the snout area of the intruder, as shown in
Figure 8C. ANOVA revealed non-significant difference
between genotypes in the time spent sniffing the back
[F(1,37)¼ 0.66, P¼ 0.41], but a significant difference in the
time spent sniffing the snout area [F(1,37)¼ 4.83, P¼ 0.03].
Figure 6. Radial maze task. KO (n¼ 15) and WT (n¼ 13) mice of the N5 backcross generation were tested for 10 days as described in Materials and Methods.
(A) Mean number of errors until eight correct choices were made. (B) Learning performance expressed as the mean number of correct arm choices before the
first error. *P< 0.05, **P< 0.01, ***P< 0.001. Data points represent the mean and bars the standard error. Open squares are WT animals and closed circles
are KO.
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The social behavior of the Gdi1 KO mice is not due to
olfactory problems or to altered testosterone levels
Social behavior in mice is strongly dependent on olfaction
(38,39). Male-to-male and male-to-female recognition are also
dependent on steroid hormone levels (40).
Olfaction was tested in two different and independent ways.
Male mice were first studied during repeated pairing with
ovariectomized females (41). Both WT and KO mice presented
with normal ovariectomized females showed high levels of
investigation, demonstrating that they were able to recognize the
females and behave accordingly. During repeated pairing with the
same female, they showed a characteristic decline in the time
spent investigating the female with an almost full recovery
following the introduction of a new female (Fig. 8D). ANOVA
(genotype by repeated exposure) showed no significant genotype
differences [F(1,40)¼ 3.02, P¼ 0.09], a highly significant
habituation [F(1,4)¼ 50.9, P< 0.0001] and no interaction.
Most importantly, both KO and WT showed a parallel significant
increase in sniffing after introduction of a new ovariectomized
female [WT, F(20,1)¼ 24.41, P< 0.0001; KO, F(20,1)¼ 24.54,
P< 0.0001]. This experiment leads to two important conclusions.
The KO mice do not have impairment in female recognition, and
they seem to have a normal olfactory behavior that allows
recognition of the female as well as allowing them to distinguish
between different females.
Olfactory functions were also tested in a olfactory-guided
foraging task (42). Both WT and KO mice, tested in several
trials, were able to locate chocolate either visible on the litter or
buried under the litter at different positions, at the four corners
of the cage. The time required to find and get the food was
similar for all mice (Fig. 8E). ANOVA (genotype by factorial
analysis) showed no significant genotype differences during the
first trial [F(1,50)¼ 0.82, P¼ 0.37]. ANOVA (genotype by
repeated exposure) showed no significant genotype differences
during the successive trials when the chocolate was buried
under the bedding [F(1,50)¼ 1.11, P¼ 0.298].
Serum testosterone was also measured, and no differences
were found between mutants and WT (0.31 and 0.23 0.05,
respectively).
Moderately altered hippocampus synaptic plasticity in
mutant mice
Based on the observations of Ishizaki et al. (18) that synaptic
responses in the hippocampus of Gdi1 KO mice were altered
during moderately high-frequency stimulation, we tested the
Figure 7. Fear conditioning task. (A, B and C) KO (n¼ 7) and WT (n¼ 7) N5 backcross animals tested for delayed fear conditioning: (A) average percentage
of freezing during each 15 s CS presentation, during the training session; (B and C) average percentages of freezing during the memory test, 24 h (B) and 2 weeks
(C) after (D, E and F) KO (n¼ 16) and WT (n¼ 16) N5 backcross animals tested for acquisition of trace fear conditioning: (D) average percentage of freezing
displayed during each 15 s CS presentation, during the training session; (E and F) average percentages of freezing during the memory test 3 days (E: KO, n¼ 8;
WT, n¼ 8) and 2 weeks (F: KO, n¼ 8; WT, n¼ 8) after training. The test was done as described in Materials and Methods. Data points represent mean freezing and
bars the standard error, during the baseline (Bl, 30 s each) and during CS (15 s in A and D; 30 s in B, C, E and F). *P< 0.05, **P< 0.01, ***P< 0.001. Open
squares are WT animals and closed circles are KO.
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hypothesis that long-term plasticity might be affected if it were
induced by 5 Hz stimulation. Stimulating for 30 seconds at
5 Hz produced LTP in both genotypes, but the first 5 minutes
after tetanus revealed a significant difference between the two
groups (Fig. 9). The field EPSP slope was significantly
depressed (mean 78.6 4.5%) relative to baseline in KO mice
in the first 5 minutes post tetanus (t¼ 4.49, df¼ 4, P< 0.02),
while WT mice were not different from baseline (mean
114.5 6.2%, t¼ 2.13, P> 0.05) in the first 5 minutes. By
25 minutes after tetanus, both groups are significantly
potentiated (WT 133.4 9.8%, t¼ 2.7, P< 0.05; KO
112.3 4.3, t¼ 2.9, P< 0.05). Consistent with previous
observations, we found no differences in LTP following y-burst
tetanus in the CA1 region of the hippocampus (Fig. 9) or in the
basolateral amygdala (not shown). y-Burst tetanus produced no
significant differences between the WT and KO mice in the
magnitude of LTP at any time after tetanus [2-way repeated
measures ANOVA comparing genotype and time in 5-minute
bins; F(1,5)¼ 0.28, P< 0.05].
DISCUSSION
In this paper, we report the characterization of mice carrying a
deletion of the X-linked MR gene Gdi1 and null for aGdi.
Gdi1 KO mice were viable and fertile and did not present
visible morphological or neuropathological alterations. Based
on the characterization of their cognitive and behavioral
phenotype, we suggest that the Gdi1-deficient mice represent
a model to study the role of GDI1 in human MR.
Gdi1 is an ubiquitously and abundantly expressed gene (7),
but our results show that it is a dispensable gene in most body
tissues and brain regions. Since in mammals there are two
GDI genes, encoding a- and bGdi, it is likely that bGdi, which
is present in normal amounts in the brains of the mutants, can
compensate for the lack of aGdi. This seems to be the case for
Rab3A, the most abundant Rab GTPase in brain, which was
very mildly affected by lack of aGdi. The amounts of total,
membrane-bound and soluble Rab3A were almost identical in
WT and KO, particularly in synaptosomes, where most
Rab3A is localized. Our results explain quite well the
electrophysiological phenotype of the Gdi1 KO mice, which
was very different from that of the Rab3A-null mice (15,16).
Preliminary data from our laboratories showing that the Rab3a
KO mice (P. D’Adamo, unpublished observations) do not
present cognitive alterations similar to those of the Gdi1 KO,
further confirm this finding. Considering all the data together,
we can conclusively say that lack of Gdi1 does not affect
Rab3A, as might have been expected from their relative
Figure 8. Gdi1 KO mice display altered male social behavior. (A, B and C) Resident intruder test. Pooled results of the resident-intruder test done on 129B6 mice
from the F2 and F3 generations (WT, n¼ 19, white bars; KO, n¼ 20, black bars). Inbred C57Bl/6J mice were used as intruders. The test duration was 600 s.
(A) Cumulative duration of the offensive attacks. (B) Total number of attacks. (C) Cumulative duration of the time spent sniffing the snout area of the intruder.
The histograms represent the mean and bars the standard error. *P< 0.05, **P< 0.01, ***P< 0.001. (D and E) Gdi1 KO mice do not show olfaction deficit.
Pooled results obtained from 129B6D2 and 129B6 mice from the F2 and F3 generations in two olfactory tests. (D) Repeated pairings with ovariectomized
(ovx) females (WT, n¼ 21, open squares; and KO, n¼ 21, closed circles). (E) Olfactory-guided foraging task (WT, n¼ 26, open squares; KO, n¼ 26, closed
circles). Data points represent mean SE.
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abundance in brain. Lack of Gdi1, however, does affect other
Rab proteins that are apparently less efficiently retrieved from
membranes by bGdi, and whose altered intracellular distribu-
tion may be responsible for the Gdi1 KO phenotype. The most
striking differences were seen in Rab4 and Rab5, which are
Rab proteins involved in endocytosis (43,44) and abundant in
brain and in the synaptic vesicle fraction (45). Our results
suggest that the abnormal distribution and particularly the large
amount of membrane-bound Rabs may be the limiting steps for
specific endocytic events. Alternatively, the altered composition
of the endocytic vesicles and particularly of the synaptic
vesicles could be the cause of alterations in vesicle recycling
and intracellular trafficking.
The inactivating mutation in Gdi1 and the consequent
alterations in the amount and intracellular distribution of some
of the Rab proteins did not cause a generalized malfunction of
the mutants brain. We tested the mutant mice in a large set of
tasks, and in many we could not see differences between
mutant and WT mice. Mutant mice did not present defects in
emotional or exploratory behavior. Despite the high level of
expression of Gdi1 in cerebellum, spinal cord and the olfactory
bulb, the mice did not have impairments of muscle strength,
motor coordination or olfaction. Taste (not shown) and pain
sensitivity were tested and appeared normal, indicating that
sensory processes were not affected by the mutation.
The Gdi1 KO selectively impaired hippocampus-dependent
tasks important for acquisition of memory across short time
intervals. In rodents, the hippocampus has long been
recognized as the structure that encodes spatial information,
as well as aspects of working and episodic-like memory
(28,46). The integrity of hippocampus-dependent reference
memory in the Gdi1 KO was shown by their normal
performance in the standard hidden-platform version of the
Morris water maze, as well as by their capacity to learn the
procedure in the radial maze, a spatial memory-dependent task.
Also, hippocampus-dependent one-trial learning, essential for
the acquisition of episodic-like memory in the DMP version of
the Morris water maze, was unaffected by the mutation.
On the other hand, in the radial maze, working memory, a
form of short-term memory that requires the animal to
remember trial-dependent information over a relatively short
duration, was significantly affected by the Gdi1 KO. It was
suggested that formation of working memory in the eight arm
radial maze was a process similar to formation of episodic
memory, since in both tasks animals must rapidly establish and
maintain memory of visited arms based on single within-trial
exposures, and must suppress interference from memory of
previous trials (47). Our results show, however, that the two
tasks are not identical. We suggest that the impairment in
formation of working memory in the Gdi1 KO is likely due to
defects in forming short-term memories.
In agreement with this interpretation are the results obtained
in fear conditioning. Trace fear conditioning was drastically
altered in the Gdi1 KO, while the standard version of the fear
conditioning test, delayed fear conditioning, done in an
identical set-up but not involving time delay, was not affected.
Trace fear conditioning tests the capacity to form associations
across a short time interval, and may require the formation of
short-term memories similar to what is required for working
memory formation in the radial maze. Moreover, trace fear
conditioning is known to depend on the integrity of the
hippocampus, while delay fear conditioning is spared after
large hippocampal lesions, and appears to be sensitive to gross
amygdala malfunctions (48). In conclusion, we suggest that
Gdi1 is important for hippocampus-dependent molecular
mechanism(s) specifically involved in maintaining memory
of events across short time intervals and/or in formation of
short-term memory.
Altered social behavior is one of the diagnostic parameters of
human MR (49). The observation that the Gdi1 KO mice
lacked any aggressive sign towards intruders and showed
altered contact behavior was therefore of great interest. This
cannot be attributed to reduced levels of testosterone, and
olfactory abilities appeared intact. On the other hand,
appropriate behavior in critical social interactions such as in
the male-intruder paradigm requires an integration of olfactory
signals, perception of species-typical display postures in the
opponent, and coordination of own responses. This complex
interplay appears to depend substantially on the amygdala. In
fact, marked alterations in social behavior and reduced inter-
male aggression are a hallmark of amygdala lesions, as shown
Figure 9. Long-term potentiation in the hippocampus of Gdi1 KO mice.
Collateral/commissural inputs to the CA1 region of hippocampal slices were
tetanized using either (A) 30 s of 5 Hz stimulation or (B) three trains of ten
Y-bursts. Open circles, WT; closed circles, KO.
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in monkeys, dogs, rats and golden hamsters (50). Whether the
Gdi1 KO in the amygdala is responsible for the alterations in
social behavior or the altered behavior is dependent on the
hippocampus-related defects in cognitive functions will have to
be determined, and a conditional KO of the Gdi1 gene is in
preparation.
The cognitive and behavioral analysis of the Gdi1 KO mice
revealed a pattern of many spared abilities combined with
specific deficits, particularly in the hippocampus. This might
reflect localized interaction of aGdi with structure-specific
mechanisms, either during development or in the adult brain, as
is suggested by the only histological difference detected in the
Gdi1 KO, a lamination defect in the hilar part of the
hippocampal CA3 region similar to what is often observed in
different WT mouse strains (51,52) and in mutants (53–55).
Whether the CA3 alteration plays a functional role is not
known, since in no case was it related to a specific phenotype.
However, a more parsimonious explanation of our cognitive
and behavioral results is that lack of aGdi causes a widespread
synaptic impairment that reveals clear deficits only for tasks
challenging specific forebrain functions.
During a 30 s train of pulses at 5 Hz, CA3–CA1 synapses in
the hippocampus of Gdi1 KO mice were able to fire, but
following the train a pronounced post-tetanic depression
resulted, possibly because of depletion of the immediately
available vesicle pool. This hypothesis is supported by the
observation that y-patterned stimuli, in which high-frequency
stimuli are delivered in short bursts, does not differentiate
between Gdi1 KO mice and controls, either in hippocampus or
in amygdala (not shown). This phenotype is consistent with
that of other mice with deletions of presynaptic vesicle or
vesicle-associated proteins, such as synapsin I and II (56,57),
which are also associated with cognitive abnormalities (58) and
with the defects in short-term plasticity of the Gdi1 KO made
by Ishizaki et al. (18).
The deficit in CA1 synaptic plasticity, specific to one
particular induction protocol (that of 5 Hz stimulation),
suggests how the same brain structure can contribute to
different types of learning and memory, by differential
recruitment of synapses by different patterns of activity.
Thus, y burst-like activity might establish the plasticity
required to successfully engage spatial reference memory,
whereas formation of working memory and trace fear
conditioning may depend on activity more similar to relatively
prolonged 5 Hz activation. There are significant differences at
the level of neurotransmitter receptors and second-messenger
systems between long-term potentiation (LTP) induced in CA1
with 5 Hz activity and other patterns (59,60), and this could
explain the selectivity of the effects of Gdi1 KO despite the
ubiquitous distribution of aGdi and the generalized decreased
amount of many different Rab proteins.
Finally, our findings fit well with human MR, which is
characterized by relative sparing of most central nervous
system functions. Up to now, no simple correlation of MR with
specific neuroanatomical or neurochemical traits has been
reported. We believe that the approach of identifying human
genes whose mutation is causing MR and to delete them in
mice offers some unique perspectives. The availability of a
Gdi1 KO mouse will allow us to search for common
physiological deficits in both humans and mice, and the
behavioral and physiological analysis of mice will permit a
focused search in human patients for deficits underlying their
mental handicap. Finally, it may also lead to the discovery of
new genes mediating mental faculties and responsible for MR.
MATERIALS AND METHODS
Isolation of the mouse Gdi1 gene
The Gdi1 mouse gene was isolated from a phage mouse
genomic library made from DNA of 129/Sv mice in l-DASH II
(a generous gift from A. Nagy). The mouse Gdi1 gene was
sequenced starting from the first exon, and the 6752 bp seq-
uence was submitted to GenBank (accession no. AF441240).
The murine Gdi1 gene has the same organization of the human
gene (5).
Gene targeting and generation of Gdi1 KO mice
The targeting vector contained 2.7 kb of the Gdi1 gene and
50 flanking region upstream from the ATG and 3.7 kb of DNA
downstream from the fourth exon. The promoterless lacZ gene
and the neomycin-resistance cassette driven by the PGK1
promoter were cloned in pBSSk–. A 2.7 kb BamHI/KpnI
fragment, containing the Gdi1 promoter and 50-UTR, and a
3.7 kb EcoRV fragment, from exon 4 to exon 11, were
subcloned into the vector. After linearization and electropora-
tion into AB1 embryonic stem (ES) cells, G418-resistant
colonies were analyzed by PCR, from primers PCR1
(5 0-GGTATTGGTTGTTGGGTCCTGAG-3 0) and PCR2
(50-GGCCTTATTCCAAGCGGCTTC-30) and using the
Expand Long Template PCR System (Boehringer). PCR-
positive clones were confirmed by Southern blot using 50 and
30 external probes. The 50 flanking probe, S1, was an
RT–PCR product of 320 bp from primers 16Am1
(50-GAGGTCATCGGACAGGTACTGAG-30) and 16Am2
(50-GGCAAAGGAGTCATTCCAGAAGG-30) containing
exons 6 and 7 of the 16A 50 flanking gene. The 30 probe,
S2, was an RT–PCR product from primers EST5
(50-GAGACAACCTGCAATGACATCAAAG-30) and EST18
(50-TCCCAAACCATCCCTAAGGTTAAGG-30), containing
the last 120 bp of exon 11 and 190 bp of the Gdi1 30-UTR.
Two homologous recombinant clones were injected into
B6D2F1 blastocysts by standard methods. Chimeric mice from
both clones were crossed to C57BL/6J or B6D2F1 female
mice. Genotypes were determined by PCR from tail DNA using
primers G1 (50-TATAGTAGCATCTTTACCAGCTGAC-30)
and G2 (50-GAATGCATCCTGTCTGGCATCATG-30), which
amplify a 555 bp fragment of the WT allele, and primers Z1
(5 0-GAAGCCGCTTGGAATAAGGCCG-3 0) and Z2
(50-CCCCAGATCAGATCCCATACAATG-30), which amplify
a 443 bp band from the KO allele. Southern and northern blots
were done using standard methods.
Animals
All animals were maintained on a 12 h light/darkness cycle at
22–25C. Food pellets and water were available ab libitum,
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unless stated otherwise. WT and KO mice were tested at 2–5
months of age.
Histological analysis
Adult mouse brain were dissected, and transversal and coronal
20 mm cryostat sections were hybridized to a DIG-labeled
riboprobe (Boehringer). The probe for in situ hybridization
was the cloned RT–PCR product amplified from primers
EST5/EST18 (see above). The corresponding sense probe was
used as control. Nissl and Timm stains were performed as
previously described (53).
Western blot analysis
Brains from individual mice or pools of two to six animals were
dissected, and subcellular fractions were prepared as previously
described (19). Proteins in sample buffer were fractionated in
10% SDS–PAGE, and western blots were done using standard
methods.
Semiquantitative RT–PCR
Primer pairs were designed for the same Rab proteins analyzed
by western blots. RT–PCR was done as previously described
(61). The number of PCR cycles was between 25 and 30, and
was adjusted for each mRNA to be below saturating levels.
The sequences of the primers are available at the website
(http://www.sanraffaele.org/research/toniolo/).
Morris water maze
The standard hidden-platform version of the Morris water maze
was done as previously described (27).
Delayed matching-to-place (DMP) task
The test was performed as described by Chen et al. (29), with a
few modifications. Mice were trained in a circular pool of
150 cm diameter using a 14 cm 14 cm wire-mesh platform.
The mice were pretrained to a visible platform, in a different
room, for 3 days, for six trials per day, with intertrial intervals
of 30 min. During the DMP task, a mouse performed
maximally eight trials per day, separated by an inter trial
intervals of 10 min. The maximum number of training days was
five for platform position 1 and four for platform position 2–5.
The animals were trained in the same platform position until
they reached the criterion of three subsequent trials with an
escape latency 15 s, or until completing the maximum
number of training days for each platform position. If a mouse
reached the criterion, the training was stopped. It was started
the following day, to a new platform location.
Radial maze
Spatial learning in the eight-arm radial maze was tested as
previously described (62). Briefly, food-deprived mice (main-
tained at 85% of their free-feeding weight) were adapted to the
maze for 2 days and then allowed to collect food morsels from
a cup at the end of each arm for ten trials per day for 8 days.
Fear conditioning
Apparatus. The conditioning chamber (chamber A: LWH:
25 cm 17 cm 23 cm) was an opaque chamber with a grid floor
through which scrambled foot shocks could be delivered as US
(0.26 mA average intensity). The chamber was placed into a dimly
lit (<5 lux) sound-attenuating box (background noise level
55 dB), and a speaker on top of chamber A allowed sound stimuli
to be delivered as CS (2000 Hz, 92 dB). Auditory fear condition-
ing was tested either in chamber A or in chamber B (LWH:
20 cm 10 cm 23 cm). Besides being smaller, chamber B had a
flat floor covered with scented bedding material. During each trial,
freezing as the unconditioned reaction was continuously recorded
manually as well as automatically (grid of 24 16 evenly spaced
infrared beams).
Procedure. All mice were pre-exposed to chamber A for
10 min on the 2 days preceding conditioning to reduce the sali-
ence of context cues during conditioning. Animals were either
submitted to a delay or trace fear conditioning session. Both
sessions consisted of a 1 min adaptation period followed by five
identical 3 min conditioning trials. During delay fear condition-
ing, a trial began with the presentation of the CS (15 s), with
the US delivered during the last 2 s of CS presentation. The
remaining 165 s formed the intertrial interval. During trace fear
conditioning, the only modification was that US delivery
followed the end of CS presentation, with a CS–US interval
of 15 s. Testing auditory fear conditioning took place in
chamber B (24 h after conditioning) or—after 2 days of
exposure to reduce reactions to the context—in chamber A
(3 and 2 weeks after conditioning). Testing consisted of 1 min
without (Bl, baseline) followed by 1 min with the CS turned on.
Resident-intruder test
WT and KO male mice were kept individually for 2 weeks prior
to the test, and were used as residents. C57BL/6J or B6D2F1
mice, housed in groups of five, were used as intruders. After
transfer of the intruder to the home cage of the resident, the
behavior was tape-recorded and the cumulative duration of
aggressive behavior (biting attacks and tail rattling) and social
behavior (sniffing head or back, and social grooming) were
determined.
Social memory
Female recognition was done as previously described (42).
Olfactory-guided foraging task
The olfactory-guided foraging task was done as previously
described (42).
Data collection and statistical analysis
Data were collected using the analysis software Wintrack (63).
Statistical computations were done using Statview 5.0
(SAS Institute, Cary, NC, USA, (www.statview.com)).
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Hippocampal slice recording
Slice preparation and recording were done as previously
described (64).
ACKNOWLEDGEMENTS
We thank Barbara Incerti (TIGEM, Milano, Italy) for the help
with generation of the KO mice, A. Bradley (Sanger Centre,
Hinxton, UK) for the gift of the AB1 ES cells, and Riccardo
Brambilla, Antonio Malgaroli and Larry Wrabetz (DIBIT–
HSR, Milano, Italy) for many useful suggestions. P.D.A was the
recipient of CNR, EMBO and HFSP short-term fellowships,
and is now the recipient of a long-term EMBO fellowship. The
research was funded by Telethon, Italy, by the Swiss National
Science Foundation (SNF 31-57139.99), by the European
Community (BIO4CT980297/BBW98.0125) and by the
NCCR ‘Neural Plasticity and Repair’.
REFERENCES
1. Chelly, J. and Mandel, J. L. (2001) Monogenic causes of X-linked
mental retardation. Nat. Rev. Genet., 2, 669–680.
2. Chiurazzi, P., Hamel, B.C. and Neri, G. (2001) XLMR genes: update 2000.
Eur. J. Hum. Genet., 9, 71–81.
3. Toniolo, D. (2000) In search of the MRX genes. Am. J. Med. Genet., 97,
221–227.
4. Toniolo, D. and D’Adamo, P. (2000) X-linked non-specific mental
retardation. Curr. Opin. Genet. Dev., 10, 280–285.
5. D’Adamo, P., Menegon, A., Lo Nigro, C., Grasso, M., Gulisano, M.,
Tamanini, F., Bienvenu, T., Gedeon, A.K., Oostra, B., Wu, S.K. et al.
(1998) Mutations in GDI1 are responsible for X-linked non-specific
mental retardation. Nat. Genet., 19, 134–139.
6. Novick, P. and Zerial, M. (1997) The diversity of Rab proteins in vesicle
transport. Curr. Opin. Cell. Biol., 9, 496–504.
7. Wu, S.K., Zeng, K., Wilson, I.A. and Balch, W.E. (1996) Structural insights
into the function of the Rab GDI superfamily. Trends Biochem. Sci., 21,
472–476.
8. Schalk, I., Zeng, K., Wu, S.K., Stura, E.A., Matteson, J., Huang, M.,
Tandon, A., Wilson, I.A. and Balch, W.E. (1996) Structure and mutational
analysis of Rab GDP-dissociation inhibitor. Nature, 381, 42–48.
9. Erdman, R.A. and Maltese, W.A. (2001) Different Rab GTPases associate
preferentially with a or b GDP-dissociation inhibitors. Biochem. Biophys.
Res. Commun., 282, 4–9.
10. Bachner, D., Sedlacek, Z., Korn, B., Hameister, H. and Poustka, A. (1995)
Expression patterns of two human genes coding for different rab
GDP- dissociation inhibitors (GDIs), extremely conserved proteins
involved in cellular transport. Hum. Mol. Genet., 4, 701–708.
11. Nishimura, N., Nakamura, H., Takai, Y. and Sano, K. (1994) Molecular
cloning and characterization of two rab GDI species from rat brain:
brain-specific and ubiquitous types. J. Biol. Chem., 269, 14 191–14 198.
12. Fischer von Mollard, G., Sudhof, T.C. and Jahn, R. (1991) A small
GTP-binding protein dissociates from synaptic vesicles during exocytosis.
Nature, 349, 79–81.
13. Johnston, P.A., Archer, B.T., 3rd, Robinson, K., Mignery, G.A., Jahn, R.
and Sudhof, T.C. (1991) rab3A attachment to the synaptic vesicle
membrane mediated by a conserved polyisoprenylated carboxy-terminal
sequence. Neuron, 7, 101–109.
14. Lonart, G., Janz, R., Johnson, K.M. and Sudhof, T.C. (1998) Mechanism of
action of rab3A in mossy fiber LTP. Neuron, 21, 1141–1150.
15. Geppert, M., Bolshakov, V.Y., Siegelbaum, S.A., Takei, K., De Camilli, P.,
Hammer, R.E. and Sudhof, T.C. (1994) The role of Rab3A in
neurotransmitter release. Nature, 369, 493–497.
16. Geppert, M., Goda, Y., Stevens, C.F. and Sudhof, T.C. (1997) The small
GTP-binding protein Rab3A regulates a late step in synaptic vesicle fusion.
Nature, 387, 810–814.
17. Leoni, C., Menegon, A., Benfenati, F., Toniolo, D., Pennuto, M. and
Valtorta, F. (1999) Neurite extension occurs in the absence of regulated
exocytosis in PC12 subclones. Mol. Biol. Cell., 10, 2919–2931.
18. Ishizaki, H., Miyoshi, J., Kamiya, H., Togawa, A., Tanaka, M., Sasaki, T.,
Endo, K., Mizoguchi, A., Ozawa, S. and Takai, Y. (2000) Role of rab GDP
dissociation inhibitor alpha in regulating plasticity of hippocampal
neurotransmission. Proc. Natl Acad. Sci. USA, 97, 11 587–11 592.
19. Huttner, W.B., Schiebler, W., Greengard, P. and De Camilli, P. (1983)
Synapsin I (protein I), a nerve terminal-specific phosphoprotein. III. Its
association with synaptic vesicles studied in a highly purified synaptic
vesicle preparation. J. Cell. Biol., 96, 1374–1388.
20. Tremml, P., Lipp, H.P., Muller, U., Ricceri, L. and Wolfer, D.P. (1998)
Neurobehavioral development, adult openfield exploration and swimming
navigation learning in mice with a modified b-amyloid precursor protein
gene. Behav. Brain Res., 95, 65–76.
21. Shepherd, J.K., Grewal, S.S., Fletcher, A., Bill, D.J. and Dourish, C.T.
(1994) Behavioural and pharmacological characterisation of the elevated
‘zero-maze’ as an animal model of anxiety. Psychopharmacology (Berlin),
116, 56–64.
22. Stork, O., Welzl, H., Wotjak, C.T., Hoyer, D., Delling, M., Cremer H. and
Schachner, M. (1999) Anxiety and increased 5-HT1A receptor response in
NCAM null mutant mice. J. Neurobiol., 40, 343–355.
23. Carter, R.J., Lione, L.A., Humby, T., Mangiarini, L., Mahal, A., Bates, G.P.,
Dunnett, S.B. and Morton, A.J. (1999) Characterization of progressive
motor deficits in mice transgenic for the human Huntington’s disease
mutation. J. Neurosci., 19, 3248–3257.
24. Le Marec, N., Caston, J. and Lalonde, R. (1997) Impaired motor skills
on static and mobile beams in lurcher mutant mice. Exp. Brain Res., 116,
131–138.
25. Rogers, D.C., Fisher, E.M., Brown, S.D., Peters, J., Hunter, A.J. and
Martin, J.E. (1997) Behavioral and functional analysis of mouse phenotype:
SHIRPA, a proposed protocol for comprehensive phenotype assessment.
Mamm. Genome, 8, 711–713.
26. Morris, R. (1984) Developments of a water-maze procedure for studying
spatial learning in the rat. J. Neurosci. Meth., 11, 47–60.
27. Lipp, H.P. and Wolfer, D.P. (1998) Genetically modified mice and
cognition. Curr. Opin. Neurobiol., 8, 272–280.
28. Morris, R., Garrud, P., Rawlins, J. and O’Keefe, J. (1982) Place
navigation impaired in rats with hippocampal lesions. Nature, 297,
681–683.
29. Chen, G., Chen, K.S., Knox, J., Inglis, J., Bernard, A., Martin, S.J.,
Justice, A., McConlogue, L., Games, D., Freedman, S.B. and Morris, R.G.
(2000) A learning deficit related to age and b-amyloid plaques in a mouse
model of Alzheimer’s disease. Nature, 408, 975–979.
30. Steele, R.J. and Morris, R.G. (1999) Delay-dependent impairment of a
matching-to-place task with chronic and intrahippocampal infusion of the
NMDA-antagonist D-AP5. Hippocampus, 9, 118–136.
31. Olton, D. (1979) Mazes, maps and memory. Am. Psychol., 34, 583–596.
32. Phillips, R.G. and LeDoux, J.E. (1992) Differential contribution of
amygdala and hippocampus to cued and contextual fear conditioning.
Behav. Neurosci., 106, 274–285.
33. Huerta, P.T., Sun, L.D., Wilson, M.A. and Tonegawa, S. (2000) Formation
of temporal memory requires NMDA receptors within CA1 pyramidal
neurons. Neuron, 25, 473–480.
34. Shors, T.J., Beylin, A.V., Wood, G.E. and Gould, E. (2000) The modulation
of Pavlovian memory. Behav. Brain Res., 110, 39–52.
35. Fanselow, M.S. and Bolles, R.C. (1979) Naloxone and shock-elicited
freezing in the rat. J. Comp. Physiol. Psychol., 93, 736–744.
36. Thurmond, J.B. (1975) Technique for producing and measuring territorial
aggression using laboratory mice. Physiol. Behav., 14, 879–881.
37. Guillot, P.V., Roubertoux, P.L. and Crusio, W.E. (1994) Hippocampal
mossy fiber distributions and intermale aggression in seven inbred mouse
strains. Brain Res., 660, 167–169.
38. Farbman, A.I. (1994) The cellular basis of olfaction. Endeavour, 18, 2–8.
39. Guillot, P.V. and Chapouthier, G. (1996) Olfaction, GABAergic neuro-
transmission in the olfactory bulb, and intermale aggression in mice:
modulation by steroids. Behav. Genet., 26, 497–504.
40. Hilakivi-Clarke, L., Raygada, M. and Cho, E. (1997) Serum estradiol
levels and ethanol-induced aggression. Pharmacol. Biochem. Behav., 58,
785–791.
41. Winslow, J.T. and Camacho, F. (1995) Cholinergic modulation of a
decrement in social investigation following repeated contacts between mice.
Psychopharmacology (Berlin), 121, 164–172.
Human Molecular Genetics, 2002, Vol. 11, No. 21 2579
42. Ferguson, J.N., Young, L.J., Hearn, E.F., Matzuk, M.M., Insel, T.R. and
Winslow, J.T. (2000) Social amnesia in mice lacking the oxytocin gene.
Nat. Genet., 25, 284–288.
43. van der Sluijs, P., Hull, M., Webster, P., Male, P., Goud, B. and Mellman, I.
(1992) The small GTP-binding protein rab4 controls an early sorting event
on the endocytic pathway. Cell, 70, 729–740.
44. Bucci, C., Parton, R.G., Mather, I.H., Stunnenberg, H., Simons, K.,
Hoflack, B. and Zerial, M. (1992) The small GTPase rab5 functions as a
regulatory factor in the early endocytic pathway. Cell, 70, 715–728.
45. de Hoop, M.J., Huber, L.A., Stenmark, H., Williamson, E., Zerial, M.,
Parton, R.G. and Dotti, C.G. (1994) The involvement of the small
GTP-binding protein Rab5a in neuronal endocytosis. Neuron, 13, 11–22.
46. Olton, D.S. and Papas, B.C. (1979) Spatial memory and hippocampal
function. Neuropsychologia, 17, 669–682.
47. Zeng, H., Chattarji, S., Barbarosie, M., Rondi-Reig, L., Philpot, B.D.,
Miyakawa, T., Bear, M.F. and Tonegawa, S. (2001) Forebrain-specific
calcineurin knockout selectively impairs bidirectional synaptic plasticity
and working/episodic-like memory. Cell, 107, 617–629.
48. Hitchcock, J. and Davis, M. (1986) Lesions of the amygdala, but not of the
cerebellum or red nucleus, block conditioned fear as measured with the
potentiated startle paradigm. Behav. Neurosci., 100, 11–22.
49. American Psychiatric Association (1994) Diagnostic and Statistical
Manual of Mental Disorders, 4th edn. APA Washington, DC.
50. Miczek, K., Maxson, S., Fish, E. and Faccidomo, S. (2001) Aggressive
behavioral phenotypes in mice. Behavioral Brain Res, 125, 167–181.
51. Nowakowski, R.S. and Davis, T.L. (1985) Dendritic arbors and dendritic
excrescences of abnormally positioned neurons in area CA3c of mice
carrying the mutation ‘hippocampal lamination defect’. J. Comp. Neurol.,
239, 267–275.
52. Nowakowski, R.S. (1984) The mode of inheritance of a defect in
lamination in the hippocampus of BALB/c mice. J. Neurogenet., 1,
249–258.
53. Lipp, H.P., Schwegler, H., Heimrich, B. and Driscoll, P. (1988)
Infrapyramidal mossy fibers and two-way avoidance learning: develop-
mental modification of hippocampal circuitry and adult behavior of
rats and mice. J. Neurosci., 8, 1905–1921.
54. Monaghan, A.P., Bock, D., Gass, P., Schwager, A., Wolfer, D.P., Lipp, H.P.
and Schutz, G. (1997) Defective limbic system in mice lacking the tailless
gene. Nature, 390, 515–517.
55. Chen, H., Bagri, A., Zupicich, J.A., Zou, Y., Stoeckli, E., Pleasure, S.J.,
Lowenstein, D.H., Skarnes, W.C., Chedotal, A. and Tessier-Lavigne, M.
(2000) Neuropilin-2 regulates the development of selective cranial
and sensory nerves and hippocampal mossy fiber projections. Neuron,
25, 43–56.
56. Chapman, P.F., Frenguelli, B.G., Smith, A., Chen, C.M. and Silva, A.J.
(1995) The a-Ca2þ/calmodulin kinase II: a bidirectional modulator of
presynaptic plasticity. Neuron, 14, 591–597.
57. Rosahl, T.W., Spillane, D., Missler, M., Herz, J., Selig, D.K., Wolff, J.R.,
Hammer, R.E., Malenka, R.C. and Sudhof, T.C. (1995) Essential functions
of synapsins I and II in synaptic vesicle regulation. Nature, 375, 488–493.
58. Silva, A.J., Rosahl, T.W., Chapman, P.F., Marowitz, Z., Friedman, E.,
Frankland, P.W., Cestari, V., Cioffi, D., Sudhof, T.C. and Bourtchuladze, R.
(1996) Impaired learning in mice with abnormal short-lived plasticity.
Curr. Biol., 6, 1509–1518.
59. Winder, D.G., Martin, K.C., Muzzio, I.A., Rohrer, D., Chruscinski, A.,
Kobilka, B. and Kandel, E.R. (1999) ERK plays a regulatory role in
induction of LTP by theta frequency stimulation and its modulation by
b-adrenergic receptors. Neuron, 24, 715–726.
60. Thomas, M.J., Moody, T.D., Makhinson, M. and O’Dell, T.J. (1996)
Activity-dependent b-adrenergic modulation of low frequency stimulation
induced LTP in the hippocampal CA1 region. Neuron, 17, 475–482.
61. Bione, S., Sala, C., Manzini, C., Arrigo, G., Zuffardi, O., Banfi, S.,
Borsani, G., Jonveaux, P., Philippe, C., Zuccotti, M. et al. (1998) A human
homologue of the Drosophila melanogaster diaphanous gene is disrupted
in a patient with premature ovarian failure: evidence for conserved function
in oogenesis and implications for human sterility. Am. J. Hum. Genet., 62,
533–541.
62. Minichiello, L., Korte, M., Wolfer, D., Kuhn, R., Unsicker, K., Cestari, V.,
Rossi-Arnaud, C., Lipp, H.P., Bonhoeffer, T. and Klein, R. (1999) Essential
role for TrkB receptors in hippocampus-mediated learning. Neuron, 24,
401–414.
63. Wolfer, D.P. and Lipp, H.P. (1992) A new computer program for detailed
off-line analysis of swimming navigation in the Morris water maze.
J. Neurosci. Meth., 41, 65–74.
64. Chapman, P.F., White, G.L., Jones, M.W., Cooper-Blacketer, D.,
Marshall, V.J., Irizarry, M., Younkin, L., Good, M.A., Bliss, T.V., Hyman,
B.T. et al. (1999) Impaired synaptic plasticity and learning in aged amyloid
precursor protein transgenic mice. Nat. Neurosci., 2, 271–276.
2580 Human Molecular Genetics, 2002, Vol. 11, No. 21
